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Title: Biomedical polyurethane-amide, its preparation and use. 

Biomedical polymers, such as polyurethanes (including those 
polyurethanes that also contain amide groups), have been used for a wide 
range of applications. Examples thereof include nerve guides, meniscal 
reconstruction materials, artificial skin and artificial veins. 
5 Since sporting activities are increasing significantly in the recent 

years, there has been a substantial rise in incidence of meniscal injuries. 
Because the degree of degeneration is proportional to the removed part of the 
meniscus, nowadays the method of choice is partial meniscectomy in order to 
preserve as much meniscal tissue as possible. However, repair or replacement 

10 of the knee joint meniscus would be more desirable. 

Previously it has been shown that it is possible to repair 
longitudinal meniscal lesions utilizing porous polymer scaffolds. The meniscus 
has also already been completely replaced. Lesions in the avascular part (the 
central two-thirds of the meniscal body) of the meniscus do not heal 

15 spontaneously. In order to engineer new meniscal tissue into the lesion, a 

connection between the lesion and the vascular periphery has been made. The 
principle of the technique that has been developed for that purpose is shown in 
figure l a ~ c . 

The longitudinal meniscal lesion is being connected to the vascular 
20 periphery with a second, wedge shaped, access defect, after implantation of the 
scaffold in the second defect, healing with fibrocartilage was observed. 

Earlier, commercially available polyurethanes were used as porous 
scaffolds. These materials exhibited good mechanical properties but the 
degradation rate after regeneration of meniscal tissue was rather low. 
25 Additionally, these polyurethanes contain methyl diphenyl diisocyanate (MDI) 
moieties and they might release the corresponding toxic diamine on 
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degradation and sterilization. Other materials that have been used for the 
same application involved copolymers of s-caprolactone and L-lactide. 5 These 
high molecular weight copolymers exhibit good mechanical properties 
resulting from crystallizable poly(L-lactide) sequences. Additionally, a quick 
5 and complete healing of meniscal lesions was observed, probably caused by the 
good adhesion between the meniscal tissue and the scaffold. This can be 
explained in terms of rapid initial degradation resulting into the formation of 
alcohol and carboxyl functional groups. A second explanation is the aminolysis 
of the poly(L-lactide/s-caprolactone) ester bonds by amines present in collagen. 

10 This results in covalent bonds between the polymer and the surrounding 

tissue. Poly(L-lactide/s-caprolactone) is known to be extremely susceptible to 
aminolysis. Drawbacks were, however, that the degradation rate was 
somewhat too high and that the scaffolds had rather low compression moduli. 
In figure 2, a plot is shown of the formation of fibrocartilage as a function of 

15 the compression of the scaffold. 

As can be clearly seen, the compression modulus of the implant 
should be sufficiently high; more in particular, it should ideally resemble the 
compression modulus of meniscal tissue. Techniques like freeze-drying 
frequently allow the fabrication of porous scaffolds with high compression 

20 moduli but the solubility of the high molecular weight copolymer is not 

sufficient. This leads to extremely high porosities and low compression moduli. 

Furthermore, it is known that crystallites resulting from the 
crystallizable poly(L-lactide) sequences may cause a severe inflammatory 
reaction. A second drawback was that the materials had a rather low 

25 resistance to tearing. A high resistance is important in order to prevent 
sutures from tearing out of the scaffold. 

In order to lower the degradation rate of the copolymer and to 
enhance the resistance to tearing while avoiding long poly(L-lactide) 
sequences, polyurethanes based on the copolymer were developed. The 

30 polymers consisted of 50/50 e-caprolactone/L-lactide (Mn=2000) soft segments 
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and long, uniform sized, urethane based hard segments. These polyurethanes 
exhibited reasonably good properties and turned out to be processable into 
porous scaffolds. 

On basis of this previous research it was concluded that a material 
5 suitable for meniscal reconstruction should at least fulfill the following 
criteria: 

• Completely degradable into non-toxic products 

• High resistance to tear 

• Macropores ranging in size from 150-355 |^m 
10 • Interconnected pore structure 

• Compression modulus of at least 100 kPa 

• Good adhesion 

The biomedical polyurethanes based on s-caprolactone/L-lactide 
seemed to fulfill all these criteria. A drawback, however, was the necessity to 

15 use organic solvents (e.g. 1,4-dioxane) for the preparation of the scaffolds. 

It is known that residues of organic solvents are likely to remain in 
these polymers after processing and may damage cells and nearby tissue. 
Additionally, many active factors are inactivated by exposure to organic 
solvents. The development of a technique for the preparation of porous 

20 materials without the use of organic solvents is therefore highly desirable. 

In 1996 and 1998, procedures have been published by Langer and 
Mooney et al. (Biomaterials 1996 17 1417, and Biomed.Mater.Res. 1998 42 
396) in which polymers are subjected to high carbon dioxide pressure. Porous 
materials were obtained after quick release of the carbon dioxide. The first 

25 materials, however, showed poor mechanical properties and often the pores 

were closed as a result of skin-formation. Later, this problem was overcome by 
using additional salt-leaching techniques. This technique, however, proves to 
be inapplicable for elastomeric polyurethanes because solid polymer/salt discs 
cannot be obtained. 
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In Polymer Preprints, 1999, 40, 589-590, a procedure is described in 
which the use of organic solvents is avoided. The procedure involved the 
reaction of an isocyanate end-capped s-caprolactone/L-lactide based 
prepolymer with water, analogous to the procedure published by Ikada et al, 
5 J.Biomed.Mater.Res,1991, 25, 1481. Chain extension with water is a well- 
known method to obtain polyurethane ureas. During the reaction carbon 
dioxide is formed, resulting into a porous material. The macropores showed 
good interconnectivity. 

In WO-A 9964491 the production of polyurethane ureas is described 
10 using well-defined hard blocks to obtain an improved balance of the 
mechanical properties. 

In both systems it turned out to be difficult to obtain good 
mechanical properties, probably caused by transesterification, aminolysis and 
hydrolysis reactions of the polyester soft segment with water. Furthermore, 
15 although salt crystals were added, regulation of the pore size and pore 

uniformity remained difficult. An additional problem was the excess of carbon 
dioxide produced in the foaming reaction. 

Accordingly it is an object of the present invention to provide 
macroporous biomedical polyurethane -amide based materials, having good 
20 mechanical properties, that can be prepared by an easy in-situ foam 

generating process, requiring a relatively short reaction time, without the use 
of solvents. 

The invention is directed to novel biomedical polyurethanes, suitable 
for implants, not having the disadvantages discussed above. 
25 In a first aspect the invention is directed to a novel in situ produced 

macroporous biomedical polyurethane -amide material based on chain 
extended isocyanate terminated polyester prepolymer units, wherein the said 
chain extension has been done with at least one dicarboxylic acid or a hydroxy- 
carboxylic acid. 



In another aspect the invention is directed to a novel in situ 
produced macroporous biomedical polyurethane- amide material based on 
chain extended prepolymer units of biocompatible soft polyester segments and 
on hard urethane-amide segments, said material having a compression 
modulus of at least 100 kPa and a pore size distribution less than 10 vol.% of 
pores having a pore size > 450 jam. 

Surprisingly it has been found that it is possible to provide an in- 
situ produced macroporous biomedical polyurethane-amide that meets the 
requirements set forth above. 

An important aspect of the material is the specific chain extension 
using dicarboxylic or hydroxy carboxylic acids, with in-situ generation of foam, 
while preventing the use of solvents of water. 

Further embodiments have been given in the claims, as well as in 
the subsequent description and examples. 

The products of the present invention show a good balance between 
the properties necessary for use thereof in biomedical applications, such as 
good modulus, tear strength and compression modulus. It has been found 
possible to produce porous implants by the in-situ generation of gas for 
foaming, optionally combined with salt-leaching, resulting in a material 
having macropores in the range of 50 |im to 450 jam, more preferred between 
150 and 375 ^m (defined by electron microscopy). For meniscus repair, 
preferably, at least 50 % by volume of the pores have a pore size in the range 
of 50 jam to 450 (im. and also preferred in a volume of at least 30 % of pores 
with a size between 150 and 375 jam. 

As has been indicated above, the conventional methods of producing 
polyurethanes (endcapping with diisocyanate and chain extending with water) 
may result in transesterification, hydrolysis and aminolysis, with the 
consequence that the material has insufficiently balanced properties. More in 
particular branching and cross-linking occur, resulting in loss of phase 
separation. The consequence thereof is that the mechanical properties 
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deteriorate to a level below that which is acceptable for numerous biomedical 
applications. 

The present invention is applicable to various types of implants in 
the human or animal body, such as for meniscal reconstruction, but also for 

5 other types of implants, including artificial skin, nerve guides, vascular 
protheses and medical devices such as wound dressings. 

The nature of the application determines the level of 
biodegradability, which is mainly determined by the nature of the polyester 
prepolymer. Generally a material is considered biodegradable in case it 

10 degrades into non-toxic components within a reasonable period of time. 

Degradation can be determined by following the mechanical properties of the 
material as function of the time. For meniscal repair material it is preferred 
that the mechanical properties as indicated earlier, are maintained for a 
certain period of time, for example at least three months, following which they 

15 start to drop. 

As has been indicated above, the polyurethane of the invention 
comprises in the most general form chain extended isocyanate terminated 
polyester prepolymer units, the said chain extension being based on least one 
dicarboxylic acid or a hydroxy-carboxylic acid, resulting in urethane-amide 

20 segments. The nature of these urethane-amide segments is important, 

especially with respect to obtaining good phase separation and accordingly 
well-balanced properties. 

Phase separation may occur between a soft and a hard phase, the 
soft phase being composed of the polyester material, optionally in combination 

25 with an additional polyether polyol, and the hard phase being composed of the 
chain extender and diisocyanate endcapping moieties. 

The polyester to be used in accordance with the invention will 
preferably be linear, more in particular be a random copolyester, and will have 
reactive endgroups. These endgroups may be hydroxyl or carboxyl. It is 

30 preferred to have a dihydroxy terminated copolyester, but hydroxy-carboxyl or 
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dicarboxyl terminated copolyesters can also be used. The nature of the 
endgroups is determined by the type of comonomers, the amounts thereof, the 
type of starter (if used), and the reaction conditions. 

Suitable monomers for the polyester are the cyclic monomers that 
can be polymerised under ring-opening polymerisation conditions. Examples 
are lactides, glycolides, trimethylene carbonate and/or s-caprolacton. Preferred 
are lactide (D, L, D-L, meso) and s-caprolacton. More in particular a linear 
random copolyester having about equimolar amounts of s-caprolacton and L- 
Lactide is preferred. Other possibilities include polyesters based on succinic 
acid and ethylene glycol or 1,4-butanediol, or on (co)poly esters of lactic acid. In 
case the polyester has to be linear, it can be prepared using a difunctional 
component (diol) as starter, but in case a three or higher functional polyol is 
used, star shaped polyesters may be obtained. By careful selection of the type 
of materials, the properties of the final material, more in particular relating to 
the degradability, can be determined. 

The conditions for preparing the polyesters are those known in the 

art. 

The (linear random co)polyester is preferably endcapped by 
diisocyanate. The type of diisocyanate used herein is of some importance. In 
case the material is used for biodegradable implants and the like, the 
degradation products should be non-toxic. Examples of suitable isocyanates 
are IPDI, lysine-diisocyanaat, the terephtalic type diisocyanates, and aliphatic 
diisocyanates, more in particular 1,4-butane diisocyanate(BDI). The nature of 
the diisocyanate is also important for the phase separation, in combination 
with the type of chain extender. It is also possible to endcap with isocyanate 
terminated materials, such as small blocks of diisocyanate terminated diol 
(BDI-butanediol-BDI). 

It is possible to combine the polyester with a polyol, such as a 
polyether-polyol, in order to modify the properties thereof (biodegr ability, 
phase separation, hydrophilicity, mechanical properties). This polyol may 
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either be included in the polyester itself, or may be mixed with the polyester, 
prior to endcapping. Preferably low molecular weight polyols are used (Mw 
from 500 to 3000, based on ethylene and/or propylene glycol). 

The prepolymer is subsequently reacted with the chain extender 

5 (dicarboxylic acid or hydroxy carboxylic acid), optionally in combination with a 
polyol, to yield a polyurethane amide (in the theoretical form). It is to be noted 
that various side reactions may occur. It is possible to include a polyol, such as 
a polyether polyol or other diol, in the system during the chain extension. The 
same polyols as discussed above may be used, but also hydroxyl terminated 

10 polyester prepolymers having a low molecular weight (Mw: 750 to 3000). In 
such case, the amount of CO2 generated is reduced. This is a good method of 
regulating the pore volume. The ratio of hydroxyl to carboxyl groups in the 
chain extension may vary widely, depending on the required porosity and 
other properties. This ratio may vary between 0 and 3. 

15 The chain extender to be used is either a dicarboxylic acid or a 

hydroxycarboxylic acid. An important consideration in the selection thereof is 
the nature of the material in which it is used, biomedical materials. This 
means that the residues of the chain extender must be biocompatible. 
Examples of suitable chain extenders are the dicarboxylic acids, such as adipic 

20 acid, succinic acid, and also urethane addition products having two terminal 
carboxylic acid groups (XYX, wherein Y designates diisocyanate and X a 
carboxylic acid containing moiety, such as a dicarboxylic acid). Also 
hydrocarboxylic acids may be used, having the formula HO-(CH2)n-COOH, n 
being an even number. Other examples are lactic acid and lactoyl lactic acid. 

25 The chain extension may further be carried out in the presence of a 

catalytic amount of a catalyst, such as Sn-octoate. 

An advantage of the chain extension using carboxylic acids, is that 
less branching and cross-linking occurs. Secondly, organic materials have a 
lower reactivity than water which makes it possible to obtain more 

30 homogeneous reaction mixtures and thus more homogeneous foams. 
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Furthermore, carboxylic acids are less nucleophilic resulting into less 
transesterification reactions and thus more uniform-sized hard segments. DSC 
measurements showed a lower Tg compared to the water chain-extended 
materials, indicative for better micro-phase separation. Furthermore, a single 
sharp melting endotherm was observed. 

This process in situ generates porous materials by the formation of 
C0 2 in the reaction of the isocyanate and the carboxylic acid. The formation of 
the macropores can further be regulated and improved by mixing the 
prepolymer with salt crystals of the required pore size. After leaching the salt 
from the material a porous polyurethane amide has been obtained, whereby 
part of the pores are provided by the salt and part by the CO2 generated in the 
reaction of the prepolymer with the chain extender. According to a preferred 
embodiment the chain extender is mixed with the prepolymer as a fine 
powder, thereby obviating the need to use solvents or water in the system. 
This has the additional advantage that the powder acts as nucleant for the 
pore forming. Especially with adipic acid, this is a good option. It is also 
possible to add additional nucleants, such as the various solid carbonate salts. 
Commonly applied nucleants include potassium carbonate, calcium carbonate, 
sodium bicarbonate and citric acid. 

At this stage it is also possible to apply ultrasonic treatment to 
improve the generation of pores. High amplitude ultrasonic waves prevent 
small cells from coalescing into larger cells, as may happen at low amplitudes 
or in the absence of ultrasonic waves.. 

When ultrasonic waves were applied, an enhancement in cell 
regularity was observed. Furthermore, chain-extension with acid instead of 
water resulted in a more regular pore -structure and smaller pores. An 
explanation for this effect might be that the acid serves a dual role in the 
reaction system. During the reaction at the acid surface, the carboxylic acid is 
not only consumed as reactant but it also works as nucleating agent. When the 
acid is finely powdered prior to use, the pore size decreases further. Thus, it 
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can be assumed that indeed the acid solid particles play an important role in 
the pore-size of the resulting foams. In figures x and y foams with finely 
powdered adipic acid are shown. 

The reactions between the various components are carried out under 
the conditions known to be suitable for the preparation of poly ure thanes and 
polyuerthane-amides from diisocyanate s. 

These processes all result in a useful biomedical polyurethane- 
amides, having the advantageous properties cited above. 

Although this type of bulk polymerization is a routine process in 
industry (e.g. for fabrication of insulation materials) examples of fabrication of 
porous biomaterials using this technique are rare. Often, the regular 
structures are obtained by the use of various additives. For obvious reasons, 
the possibility of using additives is limited or impossible in the case of 

biomedical foams. 

According to a preferred embodiment a porous polyurethane amide 
was synthesized in a 2-step polymerization process. In the first step, a 
hydroxyl-terminated prepolymer (Mn=2000) of 50/50 s-caprolactone/L-lactide 
was end-capped with a 6-fold excess of 1,4-butanediisocyanate. The excess of 
diisocyanate was used in order to avoid the formation of prepolymer dimers, 
trimers etc. It has been shown that prepolymer dimers and trimers result in 
non-uniform hard segments, lower molecular weights and inferior mechanical 
properties. 

After removal of the excess of diisocyanate, the BDI-terminated 
prepolymer was mixed with salt crystals (150-355 jam), surfactant (dodecyl 
sulfate) and hydroxyl-terminated copolymer (Mn=1000). The salt crystals were 
added in order to induce more macro-porosity. Surfactant was added in order 
to lower the surface tension of the system and thus to decrease the pore size. 
An additional effect is that the resulting pore structure will be more regular. 
The low molecular weight hydroxyl terminated copolymer was added in order 
to decrease the amount of carbon dioxide of the foaming reaction. 
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After addition of the chain extender, the reaction mixture was 
stirred and the homogeneous mixture was allowed to react at 80 °C. After 8 
hours of reaction and washing out the salt crystals, a cellular product was 
obtained. 

5 As a comparison also the same system was prepared, using water as 

a chain extender, resulting in a polyurethane urea. The polyurethane amides 
and polyurethane urea are formed according to scheme 1, as attached. 

It should be noted that in the case of the polyurethane urea, 
hydrolysis, cross-linking and branching reactions have occurred, resulting in 

10 poorly defined hard segments. This was confirmed by the fact that the polymer 
did not dissolve in polar solvents but only showed swelling. Furthermore, due 
to the addition of hydroxyl-terminated prepolymer, additional ure thane 
moieties are present. 

The invention is now elucidated on the basis of the examples. 

15 

Experimental 



Materials and eqpuipment 

Prepolymer synthesis was performed under nitrogen atmosphere in 
20 flame-dried glassware. L-lactide (Hycail B.V., The Netherlands) was 
recrystallized from sodium dried toluene, s-caprolactone (Acros Organics, 
Belgium) was distilled under reduced nitrogen pressure from CaH 2 . 1,4- 
Butanediol (BDO, Acros Organics, Belgium) was distilled under reduced 
nitrogen pressure from 4A molecular sieves and 1,4-butanediisocyanate (BDI, 
25 DSM Research, The Netherlands) was distilled under reduced nitrogen 
pressure prior to use. Adipic acid (Acros Organics, Belgium) was used as 
received from the supplier. 

A Branson sonifier 250, operated at 20 kHz and equipped with a 
standard horn-tip was used to generate ultrasonic waves. 
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Prepolymer synthesis 

Hydroxyl-terminated prepolymers (Mn=2000 and 1000) of 50/50 s- 
caprolactone/L-lactide were prepared using 1,4-butanediol as initiator and 
5 stannous octoate as a catalyst. After reaction at 120 °C for 20 hours, X H NMR 
showed complete conversion. 

The hydroxyl-terminated prepolymer (Mn=2000) was reacted with a 
six-fold excess of 1,4-butanediisocyanate at 80 °C for 4 hours. After the 
reaction was complete, the excess of diisocyanate was distilled off under 
10 reduced pressure (0.005 mbar) at 80-90 °C using a Kugelrohr apparatus 
resulting into a butanediisocyanate-terminated prepolymer. 

Preparation of the porous polyurethane amides and polyurethane 

ureas 

15 

The macro-diisocyanate (3.0 g) was heated to 80 °C and mixed with 
NaCl crystals (3.0 g) varying in size from 150-355 |um. Subsequently, a small 
amount of (solid) sodium dodecylsulfate (-0.1 g), hydroxyl terminated 
copolymer (Mn=1000, viscous liquid) and finely powdered adipic acid (1.5 eq.) 

20 or water were added. Stirring was performed with a mechanical stirrer at a 
frequency of 2000 rpm. The vial with the homogeneous reaction mixture was 
immersed in an oil bath at 80 °C for 8 hours. In some cases, ultrasonic waves 
(20.000 Hz, high amplitude, output 90 W) were applied; the temperature was 
then allowed to rise to 95 °C. After reaction, the resulting foam/salt mixture 

25 was allowed to cool to room temperature, the vial was broken and the salt was 
washed out with water. After complete removal of salt the foams were dried 
under reduced pressure. 
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Characterization 

Calorimeter studies were carried out with a Perkin Elmer DSC 7 
calorimeter. The scanning rate was IOC per minute. 

!H-NMR (200 MHz) was used to characterize the materials. 

Compression measurements 

Compression curves were determined at room temperature using an 
Instron (4301) tensile tester equipped with a 100N load-cell at a cross-head 
speed of 12 mm/min. Cylindrical specimens were cut out of the foams under 
liquid nitrogen. Compression was performed between parallel plates using 
fully dried samples. 

Electron microscopy 

A Jeol 6320 F Field Emission Scanning Electron Microscope 
(FESEM) was used for studying the pore structure of the porous materials. It 
was operated at a working distance of 11 mm, an acceleration voltage of 5kV 
and a beam current of 1 x 10 ~ 10 A. The specimens were made conductive with 
a 3 nm layer of gold using a Cressington Rotating Magnetron Sputter Coater 
operated at a working distance of 150 mm and a current of 20 mA. 

Results 

As can be seen from figures x and y, foams with a rather regular 
pore structure have been obtained. Nearly all pores range in size from 100-380 
jam. The distribution in pore-size does not limit the applicability as meniscal 
reconstruction material. Importantly, the pores are interconnected, as can be 
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seen from the SEM micrograph and the fact that all the salt crystals could be 
washed out with water. The latter was confirmed by SEM micrographs of 
various cross- sections. The porosity of the scaffolds lies around 70% which was 
determined by weight and volume, assuming a polymer density of 1.1 g/ml. 

The resulting polyurethane urea and polyurethane amide foams 
have been subjected to compression measurements. As already mentioned, the 
compression modulus is an important parameter in the formation of 
fibrocartilage and thus in the repair of meniscal lesions. In figure 6, the 
compression behavior of the foams obtained by chain extension with water and 
adipic acid are shown. The porosity of the polyurethane urea foam and the 
polyurethane amide foam lies around 70-80% 

Although the porosities are nearly equal, the polyurethane amide 
foam has a higher compression modulus than the polyurethane urea foam. 
This is probably caused by hydrolysis during the polyurethane urea foaming 
reaction. The resulting hard segments are not of uniform length giving rise to 
phase mixing. This prevents an effective crystallization like in the case of the 
polyurethane amide. In the case of the polyurethane amide, hard segments of 
uniform size have been obtained and the polymer has a more phase separated 
morphology resulting into a higher compression modulus. 

The compression modulus of 150 kPa of the polyurethane amide is 
sufficiently high to serve as meniscal reconstruction material. Eventually, 
lowering the porosity of the scaffold can enhance the compression modulus. 
The interconnectivity might be increased by further lowering the pore size. 



